On 7 February 2005 a group of 9 killer whales (Orcinus orca) were trapped in drifting sea ice and died at Aidomari, Hokkaido, Japan. We carried out age determination based on tooth growth layers and examined the reproductive organs of these whales. Growth layer groups (GLGs) in the dentine and cementum were readable, even in the old specimens, and complementary to each other in decalcified and stained thin sections of lower teeth. Reliable age determination of killer whales is feasible, and GLGs are accumulated annually. The longitudinal growth of the teeth continued until about 20 years of age, which is much longer than for the corresponding age in other delphinids. Counts of corpora lutea and albicantia increased linearly with age from 3 to 7 in whales 13-34 years old, but the oldest female (59 years old) had only 8 corpora albicantia, which could indicate a decline in the ovulation rate in old females. Photographs of the original group trapped in the ice confirmed that at least 2 whales escaped or died and did not strand with the others. Therefore, this group was composed originally of a mature male, 1 possibly postreproductive female, 5 reproductively active females, 3 calves, and 2 or 3 unidentified individuals.
Methods for age determination are well established for many small delphinid species (Hohn 1980 (Hohn , 1990 Kasuya 1976; Kasuya and Matsui 1984; Miyazaki 1980; Perrin and Myrick 1980) . These studies indicated that counting growth layer groups (GLGs) in dentine and cementum in a thinstained section is a reliable way to determine the age of small delphinids. Sergeant (1959) reported that the teeth of a killer whale showed the same type of growth pattern as that of longfinned pilot whales (Globicephala melas) and common bottlenose dolphins (Tursiops truncatus), so determining age in this way is possible. However, attempts at age determination in this species did not give good results for old specimens, mainly because of the relatively thin cementum, the accumulation of osteodentine, and the large size of the teeth that makes thin sectioning difficult (Mitchell and Baker 1980; Myrick et al. 1988; Perrin and Myrick 1980) . Christensen (1982 Christensen ( , 1984 used an acid-etching method for a bisected tooth and got dentinal GLG counts up to 35, but this was likely an underestimate, because the GLGs in the secondary dentine could not have been counted using this method (see below) and because much greater longevity was estimated for killer whales off the Pacific coast of North America (Olesiuk et al. 2005) . Myrick et al. (1988) , using tetracycline-labeled specimens that died in captivity, found that the dentinal GLGs accumulate annually but that determining age of old specimens was difficult because of the accumulation of disordered dentine and poorly layered cementum.
Little information exists on reproductive organs for killer whales because of the rarity of dead specimens. Although the life history of the populations off the Pacific coast of North America is well known based on long-term photo-identification studies (Olesiuk et al. 1990 (Olesiuk et al. , 2005 , almost nothing is known about killer whales in the western North Pacific where w w w . m a m m a l o g y . o r g photo-identification information is limited (Burdin et al. 2006; Sato 2009; Sato et al. 2006) .
On the morning of 7 February 2005 a pod of killer whales (AKWs) was trapped in the thick drifting ice near Aidomari port, Rausu, Hokkaido. Nine carcasses were recovered and examined during 14-16 February, when they already were severely decomposed. The necropsy team collected teeth and gonad samples, whole skeletons, stomach contents, and tissue samples for genetic and contaminant analyses. Based on these specimens, we report the feasibility of age determination in killer whales using thin sections of teeth and describe the structure of this group based on age and reproductive information.
MATERIALS AND METHODS
Based on photographs of these killer whales when they were first entrapped in drifting sea ice near the coast, we believe that 2 or 3 whales either escaped or died and drifted away from the Aidomari stranding site. Nine whale carcasses were transported to a waste disposal facility where we conducted necropsies. The group consisted of a large male, 5 large females, and 3 calves (Table 1) . Testes and epididymides were weighed and tissue collected from the central part of each. Both ovaries were collected and weighed, and the numbers of corpora lutea and albicantia combined were counted in the laboratory after fixation. Uteri were opened and examined by eye for the presence of a fetus at the necropsy site, and we collected the central part of a uterine horn for histological examination. Lactation was determined by observation of a cut surface of the mammary gland and confirmed histologically.
Whole skeletons were collected for osteological examination and exhibit by several organizations, and 2 teeth from the middle of the lower jaw were extracted for age determination. The layers encircling the surface of the root of the tooth were observed. The number of layers was counted, and the distance from a layer to the next layer was measured along the center of the buccal surface for as many layers as possible. Teeth were cut in half longitudinally with a rotary diamond saw and handground and polished with whetstones until the center of the tooth was seen in the sagittal section. The half tooth was glued to an acrylic plate and then cut with a diamond saw into a thick (,0.5 mm) section. The section was hand-ground to a thickness of approximately 500-700 mm. The section was decalcified with 5% formic acid for several hours and rinsed for 12 h, after which it was stained in hematoxylin for a few hours and rinsed for 12 h.
The senior author counted both dentinal and cemental GLGs in the thin sections, 3 times independently, without referring to the GLG counts of the other tissues (dentine or cementum) or any other biological information. The middle value was selected as the GLG count for each tissue. The number of fine layers in a dentinal GLG was recorded where fine layers were clearly seen, except in calves. Ovulation rate in mature females, except for 1 old whale, was estimated by linear regression using JMP 8.0.2 (SAS Institute Inc., Cary, North Carolina).
RESULTS
Surface layers.-Layers of light and dark subelements encircled the outer surface of the root (Fig. 1 ). These layers corresponded to the dentinal GLGs in observation of the halftooth surface. The layers were countable up to about 20 in the intact tooth. We were not able to distinguish layers close to the end of the root in old specimens with 20 layers. The thickness of layers decreased rapidly until 4 or 5 layers, after which the rate decreased (Fig. 2) . This indicates that the rapid axial growth of the tooth was completed at about 4 or 5 years of age, and then gradual growth continued to about 16 years of age.
Dentinal layers.-Dentinal layers were observed clearly in the decalcified and stained sections (Fig. 3 ). Prenatal and postnatal dentine could be distinguished easily, although the neonatal line was recognizable only as a thin, less-stained layer bordered by more heavily stained narrow postnatal layers (Fig. 3c) . Teeth of 2 calves (AKW3 and 8) had a neonatal line, but the postnatal dentine was thin (,0.1 mm), ,0.1 as thick as the 1st layer in older specimens. These calves are considered to have been approximately 1 or 2 months old. The body lengths of these 2 calves, ,2.7 m, were very close to the length at birth of killer whales off Japan (2.74 m) estimated by Nishiwaki and Handa (1958) , which also suggests that they were neonates. Each single GLG, or ''growth layer of the first order'' (Klevezal 1996:70-75) , was composed of a wide, moderately stained, and narrow darkly stained layer in which many dark-stained fine layers were observed, although the fine layers were distinguished clearly from GLGs (Figs. 3a and 3c ). This composition agrees with that reported by Myrick et al. (1988) . The number of these fine layers in a single GLG of 6 specimens was variable, with an average of 11.4 (Fig. 4) . Osteodentine was observed in GLGs internal to the 20th GLG in 4 specimens having .20 GLGs, suggesting that this dentine begins to deposit at approximately 20 years of age. In older specimens (AKW1 and 5) osteodentine covered the wall of the pulp cavity. In AKW1 no layers were seen in the osteodentine deposited in the tip of the pulp cavity, but clear layers were seen along the lateral wall of the pulp cavity, and some of the layers in the osteodentine were continuous with the layers in the ordinary dentine (Figs. 3b and 3d ). We were able to count up to 59 GLGs by reading layers in the osteodentine in AKW5. Thus, readable layers were found in some part of the osteodentine even in such old specimens. Cemental layers.-We found that relatively obvious cemental layers were present in all specimens. Cemental layers are deposited only on the outer part of the tooth embedded in the alveolus, and in delphinid teeth we usually cannot see all the layers in a single microscopic field and have to follow the layers from the neck to root to count all GLGs (M. Amano, pers. obs., Kasuya and Matusi 1984) . This procedure was possible in all specimens. In the younger specimens cemental layers were fairly apparent (Figs. 5a and 5b ) and easy to count. In older specimens cementocytes increased, which made GLGs unclear (Fig. 5c ). In the oldest female cementum lacunae had enlarged and fused and decreased the accuracy of the count (Fig. 5d) .
Comparison of number of layers.-The number of outer surface layers and number of dentinal layers agreed up to approximately 20 dentinal GLGs, after which we could not discriminate the outer layer (Fig. 6) . The number of dentinal and cemental layers agreed well in all specimens except 1, which contained 10 more dentinal layers than cemental layers. We could read dentinal and cemental layers up to 57 and 59 GLGs, respectively.
Reproductive organs.-Weights of testes without epididymides in the 765-cm specimen (AKW1) were 2.68 kg and 3.26 kg for the left and right, respectively. Histological examination of 1 testis from this specimen (AKW1) showed enlarged seminiferous tubules containing spermatocytes, 
April 2011
AMANO ET AL.-AGE DETERMINATION OF KILLER WHALESindicating that it was sexually mature (Kasuya and Marsh 1984) . Although the ovaries were severely decomposed, corpora were well defined and easy to count (Table 1) . One female (AKW4) had a large but collapsed corpus luteum, but no fetus or embryo was found after a close examination of the uterus, and histological examination of the endometirum showed no sign of pregnancy; therefore, we concluded that this whale had ovulated recently. The number of corpora in mature females increased linearly between 14 and 29 years of age; the slope in this part of the regression line was 0.26 (F 1,2 5 26.0, P 5 0.036, R 2 5 0.893). However, the number of corpora for the oldest female (AKW5) was considerably below the extension of this line, which suggests that the rate of ovulation decreased markedly after she reached 30 years of age. Twenty-six corpora were counted in the ovaries of the 5 females; 77% of these were in the left ovary (Table 1) .
DISCUSSION
Previous studies were unable to determine precisely the age of killer whales, especially older animals. The report of the workshop on odontocete age determination (Perrin and Myrick 1980) stated that acid-etching gave very poor results and that decalcified and hematoxylin-stained thin sections showed unclear layers and gave ambiguous readings. Cemental layers were quite obscure, and the report suggested that thinner sections of 15-to 20-mm thickness made the layers easier to read, although the thickness of the sections used was not indicated. Christensen (1982 Christensen ( , 1984 counted up to 35 GLGs on acid-etched bisected teeth from 121 individuals taken off the Norwegian coast. Although Christensen (1984) stated that the most inner GLGs are compressed and very narrow in occluded teeth of older specimens, he did not mention the possible effects of occlusion and secondary dentine, and he might have counted GLGs only in the ordinary dentine. Myrick et al. (1988) examined the teeth from 13 captives with known histories and obtained good results, reading dentinal layers up to 20 GLGs in decalcified and stained sections of 30-mm thickness. However, they failed to obtain reliable counts of the dentinal layers in older specimens because of the irregular and unreadable dentine near the pulp cavity, which we call osteodentine. They did not observe any reliable layers in the cementum and concluded that new methods should be developed for age determination of old specimens. In our study, however, decalcified stained sections of 500-700 mm gave good results for both the dentinal and cemental layers, even in older specimens. Geographic variation in formation of anomalous characters in both of dentinal and cemental GLGs was reported in several odontocetes (Lockyer 1995) , and this might also be the case in killer whales. The effectiveness of the current methods should be tested for specimens from various areas. The age of younger specimens up to 20 GLGs could be determined by counting surface layers without any further preparation of the tooth, but it was necessary to make decalcified thin sections for precise age determination of older specimens. Myrick et al. (1988) found that the growth layers of killer whales showed an annual pattern of accumulation based on examination of teeth labeled with tetracycline. The present study gives additional support for the annual deposition of dentinal and cemental GLGs. In our sample the relationship between GLGs and counts of corpora indicates that females attained sexual maturity at 10-15 years of age. Under the assumption that corpora persist indefinitely, the annual ovulation rate was estimated from 4 whales between ages 13 and 29 at approximately 0.26 (for a 3.85-year ovulation interval). This coincides with the life-history traits of resident killer whales off British Columbia and Washington State revealed by observation of photo-identified females: average age of females at sexual maturity was approximately 14-15 years, and young mature females (15-30 years old) gave birth every 4-6 years (Olesiuk et al. 1990 (Olesiuk et al. , 2005 . Based on limited data, reproductive traits of transient killer whales off British Columbia and Washington State are similar to those of resident killer whales (Ford and Ellis 1999) . The oldest female (AKW5), estimated to be 59 years old, had only 8 corpora albicantia. This suggests a decline in ovulation rate after age 30, which agrees with the finding that resident female killer whales showed postreproductive senescence after about 40 years of age (Olesiuk et al. 1990 (Olesiuk et al. , 2005 Ward et al. 2009a Ward et al. , 2009b . The number of dentinal and cemental GLGs agreed well, suggesting that GLGs accumulate at the same rate in the 2 tissues. These factors support the annual accumulation of dentinal and cemental GLGs. Fine layers in the dentinal GLG are thought to represent lunar monthly layers of or the ''layers of the second order'' of Klevezal (1996:70-75) . Similar layers have been observed in the dentine of many marine mammals: the sirenians Dugong dugon (Kasuya and Nishiwaki 1978) and Trichechus manatus ; the pinniped Otaria flavescens (Laws 1962) ; several small odontocetes, Pontoporia blainvillei (Kasuya and Brownell 1979) , Tursiops truncatus (Hohn 1980; , Stenella attenuata, and S. longirostris ; Delphinapterus leucas (Klevezal 1996) ; and the beaked whale Berardius bairdii (Kasuya 1977) . Kasuya (1977) also found lunar cycle layers in the cementum of B. bairdii. A general pattern in the growth of marine mammal teeth likely coincides with lunar rhythm.
Young killer whales are believed to start taking solid food as young as 1.5-2 years of age (Haenel 1986 ), but they remain associated with their mother until she produces her next calf. The age at which rapid tooth growth stops-4 or 5 years-is similar to the average calving interval of young resident female killer whales and could reflect the completion of weaning and the attainment of independence in feeding. Subsequently, gradual longitudinal growth of the tooth continues until about 16 years of age, the approximate age of attainment of sexual maturity (13-15 years- Olesiuk et al. 1990 Olesiuk et al. , 2005 . Perrin and Myrick (1980) stated that the pattern of tooth growth in Orcinus is similar to that of Globicephala and that initial axial growth is rapid. However, axial growth of G. macrorhynchus is completed before 10 years of age (M. Amano, pers. obs.; Kasuya and Matsui 1984) . In small delphinids axial growth is completed in the 1st few years of life (Klevezal 1996) . Thus, axial growth continues for a longer time in killer whales than in other delphinids studied to date. Myrick et al. (1988) found that the thickness of the GLGs of killer whales tended to be constant for about the first 20 GLGs, but it decreases sooner in other delphinids. This indicates that the growth of teeth of killer whales is gradual and lasts until about 16-20 years of age. Myrick et al. (1988) hypothesized that this difference is related to a functional difference between the biting teeth of killer whales and the teeth of smaller delphinids, which are specialized for manipulating prey. Rapid growth in tooth size could be more important in small delphinids that form a ''cage jaw,'' as described by Würsig et al. (1994:217-218) , and strength is probably more important for killing and tearing prey in killer whales. Other teeth showing extended growth periods include the canines of otariids and mandibular teeth of sperm whales (Klevezal 1996) . Males of both use these teeth in male-male competition, and their strength must be important. The functional difference between the teeth of these species and those of killer whales is that strong teeth would be required only after sexual maturity in the former species but after weaning in killer whales. However, growth is not rapid in killer whales, and the teeth can still be weak when calves start to take solid food. Group hunting and food-sharing behavior can help these calves attain enough food and thus make the slow growth of teeth possible.
Our findings suggest that this group of killer whales was composed of a mature male, a possibly postreproductive female, 3 nursing females, a female that had recently ovulated,
